Electron inelastic mean free path (IMFP) is an important parameter for surface chemical quantification by surface electron spectroscopy techniques. It can be obtained from analysis of elastic peak electron spectroscopy (EPES) spectra measured on samples and a Monte Carlo simulation method. To obtain IMFP parameters with high accuracy, the surface excitation effect on the measured EPES spectra has to be quantified as a surface excitation parameter (SEP), which can be calculated via a dielectric response theory. However, such calculated SEP does not include influence of elastic scattering of electrons inside samples during their incidence and emission processes, which should not be neglected simply in determining IMFP by an EPES method. In this work a Monte Carlo simulation method is employed to determine surface excitation parameter by taking account of the elastic scattering effect. The simulated SEPs for different primary energies are found to be in good agreement with the experiments particularly for larger incident or emission angles above 60
I. INTRODUCTION
The electron inelastic mean free path (IMFP) is a parameter of fundamental importance to quantitative surface chemical analysis by surface electron spectroscopy, e.g. X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). Lots of efforts have been put on the measurements of IMFP for various materials by using elastic peak electron spectroscopy (EPES) [1] [2] [3] , with which the IMFP value can be deduced with assistance of a Monte Carlo (MC) simulation. However, there is still a discrepancy of IMFP data between theoretical calculation and experimental measurement, which has been attributed to different sources, e.g. the simplification in the corresponding MC simulation: the accuracy of electron elastic scattering cross-sections [4] , the choice of the modeling dielectric function [5] , the surface excitation effect mostly ignored, and surface roughness [1, 6] . According to previous studies [3, [7] [8] [9] , surface excitations which occur due to electrons crossing the surface are likely to be the major factor for the deviation. Therefore, in order to obtain more precise IMFP data from the EPES method, it is necessary to investigate in detail the influence of the surface excitation on the elastically backscattered electrons and to quantitatively estimate this surface excitation effect.
Surface excitation parameter (SEP) has been introduced to characterize the surface excitation probability, which was defined as the average number of excitations generated by an electron moving across the solid surface once [10] [11] [12] . A variety of theoretical studies on the SEP has been done, with different methods for evaluation and quantification of surface effects through determination of SEP. Tung et al. [10] considered the surface excitation effect in an oversimplified model in which the surface excitations occur just at the surface boundary without extending to both sides of the surface boundary. Chen et al., Kwei et al., and Li et al. [11, 13, 14] used a semi-classical expression of the position-dependent differential inverse IMFP (DIIMFP) to evaluate the surface excitation effect, which decays exponentially on both the vacuum-and solid-sides. The SEPs were calculated from an integration of differential surface exci-tation probability over the electron distance from the surface to vacuum for incident and escaping electrons with the assumption of a spatially non-varying total electron IMFP inside the solid. According to this assumption, a particular aspect of surface effects is however neglected, namely the Begrenzungs effect, i.e., the decrease in the bulk inelastic cross-section close to the surface due to the coupling between the volume and surface modes that are orthogonal [15] . Then, Salma et al. [12] and Da et al. [16] calculated SEP from the integration of differential surface excitation probability for both vacuum and solid sides by a quantum-mechanical approach and the semi-classical approach respectively. These SEPs were calculated from the integration of differential surface excitation probability with the assumption that electrons cross the surface from inside infinity to outside infinity; but practically the signal electrons in the EPES method are backscattered from the sample within a very small probed depth especially in low energy case. That implies that the SEP obtained within such an integration method is not appropriate to be a correction factor for elastic peak intensity. In order to obtain more suitable SEP, an alternative definition of the SEP has been given by Pauly and Tougaard [17] . They proposed to use the change in the excitation probability of an electron caused by the presence of the surface in comparison with an electron moving in an infinite medium for definition of the SEP. In their recent work [18] , a SEP database was built employing this definition by a software named quantitative analysis of electron energy losses at surface (QUEELS) [19] , which implements a semi-classical model of Yubero and Tougaard [20] based on V-type trajectory assumption. Due to this V-type trajectory, all the signal electrons collected in EPES were treated as suffering once and only once elastic scattering. However, this assumption is not precise enough to describe the elastic scattering in practical EPES measurement, because the trajectory of signal electrons is generally quite complex due to multiple elastic collisions especially for low energy electrons. In order to obtain more precise IMFP from EPES method, it is thus necessary to investigate the influence of elastic scattering on the SEP calculation and quantitatively estimate this total surface excitation effect in EPES.
In our previous studies [21] [22] [23] , a MC model was built by taking into account the details of surface excitation to study how the surface excitation affects EPES spectra as well as reflection electron energy loss spectroscopy (REELS) spectra. The purpose of this work is then to obtain the quantitative measure of elastic peak intensity affected by the surface excitation and to obtain corresponding SEP by considering influence of elastic scattering in EPES, based on this MC model. The simulations of EPES are performed for Au, Cu, Fe, Ni and the simulated results are found to agree well with experimental observation. Based on these calculated elastic peak intensities by including or excluding surface excitation, the SEP containing the influence of elastic scattering can be determined.
II. THEORETICAL METHODS

A. Electron elastic scattering
The Mott's cross section [24] is employed in this study for the treatment of electron elastic scattering:
where the scattering amplitudes,
are calculated by the partial wave expansion method [25] . In the above equation P ℓ (cos ϑ) and P 
B. Inelastic scattering
Electrons moving near a surface will undergo inelastic scattering through bulk electronic excitation and surface electronic excitation. The inelastic scattering probability is governed by bulk dielectric function ε(q, ω) of the solid in a dielectic response theory. In the specular surface reflection model [27, 28] the general discussions on the surface response function and the electron self-energy have been made previously [29] [30] [31] . The random-phase-approximation self-energy of an electron is expressed in terms of the bulk dielectric function of the specimen based on a vanishing surface potential and a fast-electron approximation. The corresponding differential self-energy inhomogeneous in z-direction for various positions and directions of moving electrons is provided as follows: 
, and Σ i−s (z|ω) are respectively the bulk term, the image charge term, the surface charge term and the interference term between the image charge and the surface charges, respectively [35, 36] . Here, ν ⊥ is the vertical component of velocity vector; the vertical distance z measured from the surface is positive in vacuum and negative in solid. Then a DIIMFP can be obtained numerically from the imaginary part of the differential self-energy
It is reasonable that the total DIIMFP are inhomogeneous in the z-direction. IIMFP can be easily calculated numerically by an integration of DIIMFP over the energy loss ω. This surface excitation model is referred to as the surface model hereafter. When only the bulk term Σ b is considered, it is the conventional bulk excitation model and referred to as the bulk model.
C. Monte Carlo simulation
By employing the local inelastic cross section and Mott elastic cross section we have performed a number of MC simulations of EPES spectra for different materials. In this MC simulation of electron scattering processes, the flight length s between successive individual scattering events is sampled from an exponential probability distribution
where the total cross section σ(s) is the sum of the elastic scattering cross section and the local inelastic scattering cross section. Because the total cross-section σ(s) is dependent on the position and direction of an electron, hence, it is expressed here as a function of the flight length. Considering the inhomogeneity of the cross-section is dependent on the depth, the actual variable involved in sampling is the depth z. Knowing the electron moving direction, the step length s and the coordinates of next scattering position of the moving electron can be determined. The detail of this simulation can be found in our previous reports [21, 32, 34] .
III. RESULTS AND DISCUSSION
In order to obtain the quantitative information of surface excitation in EPES, the first step is to ensure the validity and correctness of our MC model for simulating EPES spectra by including surface effect. Figure 1 shows a comparison on the energy dependence of elastic peak intensity for Ni between simulations by including surface excitation (surface model) and excluding surface excitation (bulk model) and experimental data [3] measured with a cylindrical mirror analyzer (CMA), which [35] (squares) and simulated elastic-peak intensities (circles) for Ag, Au and Cu to those of Ni as a function of electron energy.
FIG. 2 Ratios of measured elasticpeak intensities
is coaxial with an electron gun at normal incidence, and a Faraday cup. Here, we ignore the energy dependence of electron transmission efficiency of the CMA mesh. As shown in Fig.1 , the simulated elastic peak intensity of Ni by including surface excitation agrees excellently with the measured results, and the corresponding error describing the deviations from the experiment also comes to the same conclusion. It is noticed that there is a considerable deviation from experiment, for example, exceeding by 40% at 400 eV, when only considering bulk excitation in the simulation especially at low energies below 2 keV. Employing this surface model in MC simulation, we have also calculated elastic peak intensi- ties for several other typical metals. Figure 2 shows the ratios of the measured [35] and simulated elastic peak intensities of Ag, Au and Cu to the corresponding intensities of Ni reference as a function of electron energy. The simulated elastic peak intensities agree well with the measured results, especially for Au and Cu. It is obviously that both experiment and calculation for these presented intensities including Ni shown in Fig.1 indicate some features at low energy, for example, around 100−150 eV for Ni. These features in the energy dependence are due to strong peak for electron backscattering according to differential elastic scattering cross section at such energy. Here we have also simulated the angle-resolved EPES for these materials. Figure 3 shows a comparison on the emission anglar dependence of the elastic peak intensity between the experimental data [36] and simulation results for Ag, Au, Cu, and Ni for 500 and 1000 eV electrons. The simulation agrees very well with measurement especially for Au, Cu and Ni; however, there is a general tendency to an underestimation of the simulated intensities of Ag at large emission angles and an overestimation at small emission angles. These comparisons together with our previous results on the comparison of REELS/EPES spectra for other materials [21] [22] [23] 37] demonstrate that this MC model of surface excitation should be correct. Our MC simulation method of surface excitation differs largely from other MC simulations in that, not only the inelastic scattering cross section is position dependent but the details of surface excitation in sampling individual inelastic scattering events are also included. All these issues become more important for surface excitation at low energies. As shown above, there is a considerable difference between simulated elastic peak intensity by including surface and excluding surface excitations especially at low energy below 2 keV. The deviation is due to the surface excitation in MC simulations, which can be employed to determine the quantitative information of surface excitation in EPES where the trajectories of signal electrons are generally rather complex than V-type trajectory. According to this, the previous divided SEPs, i.e. incident SEP and escaping SEP, for estimation of the surface excitation information when electrons are incident onto or escaped from sample surface is no longer suitable in EPES. The total SEP definition will be more appropriate especially for low energy electrons.
As surface excitation reduces the intensity of the elastic peak by a factor of exp(−SEP t ), the total SEP can be calculated by SEP t = ln I surface I bulk (7) where I surface is the elastic peak intensity obtained with our surface model MC simulation, and I bulk is the elastic peak intensity obtained with bulk model MC simulation. It is obviously that present SEP calculation method should be a more proper way to quantitatively estimate the surface excitation including the influence of elastic collision in EPES, due to the employment of more realistic electron trajectories instead of simple Vtype trajectory. Figure 4 shows a comparison on the calculated total SEP as a function of electron energy for Au and Cu between present simulation results and the previous theoretical data by Salma et al. [12] and Da et al. [16] , which are calculated from the integration of differential surface excitation probability for both vacuum and solid sides, by the quantum mechanical approach and semi-classical approach, respectively. All these SEP decreases with an increasing electron energy because the time spent in the surface region is decreased. The difference between our present results and previous theoretical results is due to the influence of the elastic scattering in EPES, i.e. the previous studies have neglected elastic scattering effect while the present work has taken into account of electron elastic scattering by MC simulation. It is found that elastic collision has weak influence on SEP in high energy region and, however, strong influence in low energy region, because the low energy electrons suffer more elastic collisions by larger elastic scattering cross sections. Comparisons of total SEPs for Au, Cu and Ni with experimental results of Nagatomi [38] are shown in Fig.5 . The SEPs in Nagatomi's work are determined from absolute measured REELS spectra according to Landau theory. Due to the different definitions of SEP, present results are smaller than experimental values in most cases but our relative SEP [39] [40] [41] , Jablonski and Zemek [36] , Gergely et al. [42] , and Da et al. [16] .
results for different materials more or less match with the sequence measured by Nagatomi et al. [38] .
In order to get further information about the influence of elastic scattering on surface excitation in EPES, Fig.6 shows a comparison of SEP among present results, previous theoretical results by Da et al. [16] , Pauly and Tougaard [17] based on the V-type trajectory approximation as well as experimental results [36, [39] [40] [41] [42] . Because the time spent in the surface region is lengthened, all the SEP results increase with crossing angle increasing. There are considerable deviations among the calculated results due to the different treatments to elastic scattering effect. It is found that the discrepancy between Pauly and Tougaard's results and Da et al.'s results is larger for small emission angles, while the present results are in between; the increasing trend of these three results with angle are also quite different for large emission angles. As we mentioned that the pre-vious theoretical results by Da et al. were calculated from an integration procedure under the assumption that electrons cross the surface from negative infinity to positive infinity while the signal electrons in EPES are backscattered from sample within a very small probed depth especially for low energy electrons by multiple elastic scattering. The SEP calculated by Pauly and Tougaard [17] employed V-type trajectory assumption, which means the collected signal electrons only suffer elastic scattering once. In order to calculate SEP more precisely, it is reasonable to use a more realistic situation, where the electron trajectories are determined from Mott's elastic scattering cross section. It is found that our present results based on MC simulation lie between the Da's and Pauly's results and give the best trends when the emission angle increase. On the other hand, by comparison with experimental data it is found that the present result is close to Werner's data [41] , while quite different from Jablonski's [36] and Gergely's results [42] , where the last two ones are based on the same set of experimental angular-resolved spectra. Figure 7 shows a similar comparison of SEP for Au and for normally incident electrons of 1 and 4 keV. It is obviously that these calculated results of Au have the similar behavior; however, there is a significant deviation from experiment by Werner [43] due to the variations between different measurements and difference in definition of SEP. But, alternative experimental data for 1 keV from Werner's work [39, 40] given in Fig.7 indicate opposite variation with present calculation; the significant difference up to 80% between these experimental data can be found even from the same group. Neglecting the absolute values, present results give the similar trends with experiments both for 1 and 4 keV. The discrepancy between present results and calculations by Da et al. [16] is due to the elastic scattering effect. It is found that due to lacking of elastic scattering in Da's results, there is a general tendency of underestimation at small angles and overestimation at large angles. Furthermore, this discrepancy between the present results and those of Da et al. is larger for primary electron energy of 1 keV than that of 4 keV via a more important role of elastic scattering in EPES at lower energy.
IV. CONCLUSION
A good agreement has been obtained on the elastic peak intensity and angle-resolved elastic peak electron intensity between experimental data and present MC simulation results including surface excitation for several metals, which confirms that our MC simulation method is reasonable. Based on the elastic peak intensity by including or excluding surface excitation, the total SEP for EPES were defined and calculated. This total SEP definition is more suitable for estimating the surface excitation in EPES by including the influ- [39, 40, 43] , and Da et al. [16] .
ence of elastic scattering on the determination of SEP. Available theoretical and experimental data for the SEP based on different definitions were compared with our present calculations, and reasonable agreement is found between our results and some experimental data. From these comparisons, present MC-based method may provide the better SEP data than the existing theoretical methods.
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